match Detect II Kit, Ambion) was used to localize and identify new RNA splice variants in the GluR7 subunit mRNA (see Experimental Procedures). This screen idenSummary tified a new putative splice variant of the GluR7 transcript. A 40 nucleotide cassette was frequently found Glutamate receptors of the kainate-preferring subtype inserted after nucleotide position 2565 in the GluR7 have recently been shown to mediate synaptic transmRNA, 42 nucleotides downstream (3Ј) from the region mission in the hippocampus. The low-affinity kainate encoding the fourth membrane domain (M4; Figure 1A ). receptor subunit GluR7 was found to be nonfunctional
Introduction 40 nucleotide cassette and an additional 42 amino acids encoded by the new open reading frame that results Ionotropic glutamate receptors mediate excitatory synfrom the frame shift. Splice variation at analogous posiaptic transmission in the mammalian central nervous tions in GluR2, GluR4, GluR5, and GluR6 suggests that system (CNS). These receptors are classified into this site is conserved in non-NMDA receptor subunits ␣-amino-3-hydroxy-5-methyl-4-isoxazole-propionate (reviewed by Sprengel and Seeburg, 1995) . The protein (AMPA), kainate, and N-methyl-D-aspartate (NMDA) resequence of the GluR7b carboxy-terminal domain (folceptor subunits (reviewed by Hollmann and Heinemann, lowing the splice site) exhibits no significant homology 1994; Sprengel and Seeburg, 1995) . While AMPA and to known sequences from other glutamate receptor sub-NMDA receptors have been shown to underlie excitatory units. Additionally, this region contains a preferred synaptic currents, the function of the kainate subfamily consensus site for protein kinase C-dependent (PKCof receptors is less clear. There are five cloned rat kaidependent) phosphorylation (Pearson and Kemp, 1991) . nate receptor subunits, which are subdivided into "low A second PKC consensus sequence is found 10 amino affinity" (GluR5-7) and "high affinity" acids beyond this site outside the 13 amino acid cassubunit families (reviewed by Hollmann and Heinemann, sette ( Figure 1B ). 1994). Only two members of this receptor family, GluR5
To understand how the organization of the GluR7 gene and GluR6, have been shown to form functional homois related to the splice variant, we performed PCR reacmeric channels (Egebjerg et al., 1991; Bettler et al., 1992;  tions on genomic rat DNA. Primers complementary to Sommer et al., 1992; Kö hler et al., 1993) . Despite extena segment of the 40 nucleotide insertion, paired with sive investigations, the remaining kainate receptor subprimers based on the flanking sequences of the cDNA, unit, GluR7, seemed incapable of forming functional howere used to amplify the upstream and downstream momeric channels or altering the properties of other genomic sequences (the positions of the genomic primreceptors in coexpression studies (Bettler et al., 1992;  ers are illustrated in Figure 1A ). Two different amplifica- Lomeli et al., 1992; Partin et al., 1993; Nutt et al., 1994) .
tion reactions were performed to obtain the downstream We describe here the cloning and characterization of genomic DNA sequence. Analyzing the reactions by GluR7b, a novel carboxy-terminal splice variant of GluR7 DNA electrophoresis revealed PCR products with sizes (which we have renamed GluR7a). In contrast to prevismaller than 100 bp. The sequence of five subcloned ous findings, we demonstrate that GluR7a and -7b are amplification products from each reaction consistently functional kainate receptors with distinct pharmacologigave a 64 bp or 77 bp DNA fragment, depending on cal properties. GluR7a has a ‫-01ف‬fold higher EC 50 for the primer used (see Figure 1A ). The DNA sequences glutamate compared to other cloned AMPA or kainate amplified between the primers showed that the GluR7 receptors, suggesting that this receptor may play a splice site was flanked upstream by sequences identical unique role in neurotransmission in the CNS.
to the 40 nucleotide cassette and was flanked downstream by GluR7a cDNA sequences. These results indicate that the splicing event in GluR7 transcripts results The amino acid sequences of the GluR7 and GluR7b carboxyl termini are aligned starting after membrane domain 4 (M4). The underlined 13 amino acids of GluR7b are encoded by the 40 nucleotide cassette of the GluR7b mRNA. Serine and threonine residues contained in consensus sites for protein kinase C-mediated phosphorylation (Pearson and Kemp, 1991) are marked by black dots.
from the use of an alternative 3Ј splice site ( Figure 1A ). had a very low sensitivity to glutamate. At high concentrations (30 mM), 100 ms pulses of glutamate evoked We were not able to amplify the GluR7 genomic sequence between the insertion and the 5Ј flanking primer, currents with a 10%-90% rise time of 1.4 Ϯ 0.1 ms and a mean peak amplitude of 1.1 Ϯ 0.2 nA (n ϭ 24). which suggests the presence of a large intron. To verify the fidelity of the splicing event, additional RT-PCR fragGlutamate currents desensitized with a des of 8.4 Ϯ 0.5 ms (n ϭ 23) and exhibited very little steady-state current ments containing the insertion were subcloned. Sequence analysis of both DNA strands using five different (95.9% Ϯ 1.6% desensitization from the peak current). GluR7b also formed functional glutamate receptors primers showed no nucleotide variation. RT-PCR analysis indicated that the GluR7b mRNA was expressed at when expressed in HEK 293 cells ( Figure 2B ). The mean amplitude of glutamate currents evoked from GluR7b 5-to 10-fold lower levels than GluR7a mRNA during development of the rat brain (data not shown).
was ‫-7ف‬fold smaller than that from GluR7a (mean peak amplitude of 163 Ϯ 81 pA; n ϭ 8). GluR7b current rise times were slower than GluR7a (2.2 Ϯ 0.5 ms versus 1.4 Homomeric GluR7 Is a Functional Kainate Receptor with Low Sensitivity to Glutamate ms using 30 mM glutamate; significantly different at p Ͻ 0.05, unpaired t test). GluR7b glutamate currents Surprisingly, we discovered that both GluR7a and GluR7b subunits generated functional homomeric redesensitized with a equal to 9.0 Ϯ 1.7 ms, a time course that was indistinguishable from that of GluR7a (p ϭ ceptors (Figures 2A and 2B ) after transient transfection of human embryonic kidney (HEK) 293 cells. Rapid appli-0.63). Because of the relatively small currents elicited from GluR7b, we chose to focus primarily on GluR7a cation of agonist to cells lifted from coverslips revealed that GluR7a shows current responses similar to those for further characterization.
We carried out a dose-response analysis to estimate of GluR5 and GluR6 kainate receptors, but with a number of distinct pharmacological features. In particular, GluR7a the EC50 value for the peak current evoked by glutamate (Figures 2A and 2C ). Responses to increasing concendemonstrates a markedly higher peak (non-desensitized) EC 50 for glutamate as compared to other nontrations of glutamate were normalized to control applications of 30 mM glutamate. To derive an estimated NMDA glutamate receptors. Application of 1 mM glutamate gave small currents exhibiting relatively slow rise EC 50 for glutamate, we fitted the data to the Hill equation, which gave an EC 50 of ‫6ف‬ mM and a Hill coefficient of times and rapid desensitization (Figure 2A) . Application of higher concentrations of glutamate dramatically in-1.5 (n ϭ 3 or 4 for each concentration; the maximal normalized response for the fitted curve was 1.06). This creased the current amplitudes, suggesting that GluR7a (B) Current evoked from a GluR7b-expressing HEK 293 cell at 30 mM glutamate. Glutamate was applied for 100 ms in (A) and (B), and the holding potentials were Ϫ80 mV. (C) Concentration-response curve for glutamate on GluR7a receptors. Peak GluR7a responses at each concentration were normalized against a 30 mM glutamate response given 30 s prior to the test concentration (squares). The same solution set used to generate two full GluR7a concentration-response curves was tested on a GluR4-expressing HEK 293 cell (circles). Data were fitted to the Hill equation and gave an EC 50 of 5.9 mM for GluR7a and 0.56 mM for GluR4. (D) GluR7a currents evoked by 30 mM glutamate at different voltages. Cells were initially held at voltages ranging from Ϫ80 to 60 mV. Glutamate (30 mM) was applied for 100 ms. The measured current-voltage relationship for the GluR7a peak glutamate currents is indicated by the circles. Data were fitted to a third-order polynomial equation.
fit predicts that the GluR7a receptor will be 91% satukainate evokes a very small current as compared to higher concentrations (5-10 mM; data not shown). rated at 30 mM glutamate. In a control experiment with GluR7a, like GluR6, does not respond to AMPA (1 mM; the same solution set as was used with GluR7a, gluta- Figure 3A) . Finally, unlike the other AMPA and kainate mate displayed a 10-fold higher potency on the homoreceptors, GluR7a receptors are insensitive to the highmeric AMPA receptor GluR4 (EC 50 ϭ 0.56 mM, n H ϭ 1.07; affinity ligand domoate (100 M, n ϭ 9; Figure 3A ). Appli- Figure 2C) . Similarly, the EC 50 of glutamate on homocations of domoate attenuated subsequent glutamate meric GluR6 receptors has been reported as 0.5 mM currents for minutes (data not shown), confirming that (Heckmann et al., 1996) .
this agonist appears to act as a high-affinity antagonist GluR7a contains a glutamine at the glutamine/arginine on GluR7 receptors. (Q/R) site in M2 and does not appear to undergo RNA Steady-state currents of kainate receptors are poediting at this site (Bettler et al., 1992; Lomeli et al., tentiated by plant lectins, the most efficacious of which 1992). Kainate receptors that have a glutamine residue is concanavalin A (con A; Partin et al., 1993; Yue et al., at this site show characteristic channel properties, 1995) . We tested whether GluR7a was also potentiated which include a higher calcium permeability (Kö hler et by con A. After treatment for 1.5 minutes with 0.3 mg/ al., 1993) and sensitivity to intracellular polyamines that ml con A, GluR7a peak currents were modestly inproduce current rectification (Kamboj et al., 1995) . As creased (2.1-fold Ϯ 0.2-fold, n ϭ 5; p Ͻ 0.05, paired t is shown in Figure 2D , GluR7a exhibits the same inwardly test), but steady-state currents were unchanged (Figure rectifying currents seen with other glutamine-containing 3B). Identical con A treatments were sufficient to po-AMPA and kainate receptor subunits. Applications of 30 tentiate GluR6 steady-state currents by several orders mM glutamate to cells held at voltages stepped between of magnitude (data not shown), as has been reported Ϫ80 and 60 mV gave a peak current-voltage relationship previously (Partin et al., 1993) . that reversed near 0 mV and exhibited little outward current at positive potentials.
GluR7a Coassembles with KA-1 and KA-2 Subunits to Form Functional Heteromeric Receptors Pharmacology of Homomeric GluR7a Receptors
GluR7a was coexpressed with the KA-1 and KA-2 subThe two well-characterized kainate receptor subunits, units to determine whether these subunits altered the GluR5 and GluR6, can be pharmacologically differentipharmacological or kinetic properties of the GluR7a ated by the kinetics of their responses to the agonists channel, as they do with GluR5 and GluR6. As shown kainate, AMPA, and domoate (Sommer et al., 1992;  in Figure 4 , GluR7a/KA-1 and GluR7a/KA-2 channel Kö hler et al., 1993). We assayed the sensitivity and curproperties were similar to those of GluR7a. However, rent kinetics of GluR7a in response to application of we found that the heteromeric channels were activated these agonists ( Figure 3A) . Kainate (5 mM) evokes a by high concentrations of AMPA, in contrast to homodesensitizing current with a des equal to 3.2 Ϯ 0.4 ms meric GluR7a receptors, which were completely insensi-(n ϭ 7), similar to that seen with GluR6. As with glutative to this agonist. Both GluR7a/KA-1 and GluR7a/ mate, GluR7a is markedly less sensitive to kainate as KA-2 glutamate currents desensitized rapidly and almost completely in response to a 100 ms application compared to other non-NMDA receptors, since 1 mM Figure 3 . Pharmacology of Homomeric GluR7 Receptors (A) Application of 30 mM glutamate, 5 mM kainate, 1 mM AMPA, and 100 M domoate to HEK 293 cells expressing GluR7a. Glutamate, kainate and AMPA were applied for 100 ms; domoate was applied for 1 s. No currents were detected during domoate application at faster time resolution. The holding potential was Ϫ80 mV. (B) Glutamate-evoked currents from a GluR7a-expressing cell before (left) and after (right) application of 0.3 mg/ml concanavalin A (con A) for 1.5 min. Glutamate was applied for 100 ms. Longer incubations (up to 5 min) with con A did not alter the response beyond the potentiation seen after a 1.5 min application.
(GluR7a/KA-1, mean peak amplitude ϭ 700 Ϯ 285 pA, AMPA currents desensitized relatively slowly, with a des ϭ 30 Ϯ 12 ms. AMPA-evoked currents were obdes ϭ 7.6 Ϯ 1.3 ms, 97.3% desensitization, n ϭ 8; GluR7a/KA-2, mean peak amplitude ϭ 232 Ϯ 70 pA, served in all cells expressing GluR7a/KA-2 cells that we tested (n ϭ 5) and were of relatively small amplitude des ϭ 5.3 Ϯ 0.9 ms, 96.5% desensitization, n ϭ 9). The GluR7a/KA-2 glutamate currents desensitized signifi-(44 Ϯ 10 pA, 21% Ϯ 6% of the peak glutamate current; Figure 4B ). Finally, in two of five cells expressing GluR7a/ cantly faster than did GluR7a glutamate currents (5.3 ms versus 8.4 ms, p Ͻ 0.05). Kainate currents from KA-1 we observed a small response to 100 M domoate (16 and 19 pA; see example in Figure 4A ). Domoate the heteromeric channels exhibited kinetics similar to GluR7a (GluR7a/KA-1, mean peak amplitude ϭ 475 Ϯ currents were not detected in GluR7a/KA-2-expressing cells (n ϭ 7). The sensitivity we observed for AMPA 282 pA, des ϭ 3.7 Ϯ 0.1 ms, 99.7% desensitization, n ϭ 3; GluR7a/KA-2, mean peak amplitude ϭ 166 Ϯ 64 pA, demonstrate that GluR7a subunits can coassemble with the high-affinity kainate receptor subunits KA-1 and des ϭ 2.4 Ϯ 0.2 ms, 98.2% desensitization, n ϭ 4). On GluR7a/KA-1 channels, AMPA (1 mM) gave currents with KA-2 to produce heteromeric channels. In the case of GluR7a/KA-2, coassembly also increases the rate of demean amplitudes of 115 Ϯ 46 pA (11% Ϯ 2% of the peak glutamate current) in three of six cells ( Figure 4A ). sensitization to glutamate. Glutamate, kainate, and AMPA were applied for 100 ms; domoate was applied for 1 s. No currents were detected during domoate application at faster time resolution. The holding potential was Ϫ80 mV.
Discussion
(8.6 ms). Our results are also incompatible with the idea that (for GluR7a) concanavalin A primarily impedes entry into a desensitized state from the peak open state, since We show here that GluR7 receptor subunits form functional ionotropic glutamate receptors with unique channo effect on either the desensitization rate or degree of desensitization was observed. The lack of a marked nel properties, in contrast to our previous results (Bettler et al., 1992) and those of others (Lomeli et al., 1992;  effect on GluR7a steady-state currents is surprising given the similarity of the GluR6 and GluR7a responses Partin et al., 1993; Nutt et al., 1994) . Dose-response curves revealed that GluR7a receptors display the lowto glutamate. Furthermore, GluR5, GluR6, and GluR7 are predicted to have the same N-glycosylation sites. If est sensitivity for glutamate found among the identified members of the non-NMDA receptor family. GluR7 also these sites are glycosylated to an equivalent degree, our results suggest that other domains of the subunit shows some interesting pharmacological differences from the evolutionarily related receptors GluR5 and protein in part determine the functional effect of con A. GluR6-in particular, its insensitivity to domoate and the weak potentiating effect of con A. These data will A Low-Affinity Glutamate Receptor facilitate efforts to understand the role of kainate recepand Synaptic Transmission tors, and GluR7 receptors in particular, in neurotransWhile a number of examples of currents arising from mission and CNS disorders. kainate receptors have been described in neurons (Huettner, 1990; Lerma et al., 1993; Wilding and Huettner, 1997) , including synaptic kainate receptors (Vignes Comparison of GluR7 Properties with Other and Collingridge, 1997; Castillo et al., 1997) , none can Kainate Receptors yet be definitively ascribed to GluR7-containing recepIn addition to its lower sensitivity to glutamate, GluR7 tors. However, if these receptors are indeed localized exhibits functional differences from GluR5 and GluR6 in to the synapse, our results raise the interesting question its response to other glutamatergic agonists. The abof whether the synaptic concentration of glutamate typisence of currents with application of the high-affinity cally reaches levels sufficient to activate homomeric ligand domoate is particularly surprising, since all other GluR7 receptors. A number of factors, including the synfunctional non-NMDA glutamate receptors respond to aptic architecture, location of the receptors, and neurothis compound with relatively high affinity. In the case transmitter clearance mechanisms, could produce difof the agonist AMPA, the lack of a response correlates ferent glutamate concentration profiles in individual with our recent work, which determined that serine 721 synapses (reviewed by Clements, 1996) . A recent invesin the GluR5 subunit (corresponding to asparagine 721 tigation into the activation of synaptic AMPA receptors and asparagine 722 in GluR6 and GluR7, respectively) in the presence of a low-affinity antagonist yielded an is responsible for conferring sensitivity to high concenestimated peak glutamate concentration in the cleft of trations of AMPA . Our observation ‫3ف‬ mM (Diamond and Jahr, 1997), which would be prethat GluR7a is insensitive to AMPA therefore is consisdicted to be subsaturating at synaptic (homomeric) tent with the presence of an asparagine at this site. The GluR7 receptors. It has also been suggested that a popdistinct pharmacology exhibited by GluR7a as comulation of kainate receptors is localized presynaptically pared to other kainate receptors will be a useful tool (Chittajallu et al., 1996 ; but see also Castillo et al., 1997) . to investigate its role in synaptic transmission and to If GluR7 receptors are located near the vesicle fusion characterize important ligand-binding and gating dopore during release, they would see higher glutamate mains on the receptor proteins. Domoate, in particular, concentrations than those at the postsynaptic memwill be a useful probe for residues involved in gating, brane (Clements, 1996) . Alternatively, postsynaptic GluR7 since this compound binds with high affinity (Lomeli et receptors may be fully activated under conditions of al., 1992) but does not appear to translate that binding augmented synaptic glutamate concentrations, which energy into channel activation.
can result from multivesicular release (Tong and Jahr, Concanavalin A has been shown to strongly potentiate 1994). GluR7 receptors are likely to be calcium permeGluR5 and GluR6 receptor steady-state currents (Partin able, since they contain a glutamine at the Q/R site and et al., 1993), but we found only modest effects on GluR7 have rectifying current-voltage relationships, and may ( Figure 3B ). Peak glutamate currents evoked from retherefore contribute to synaptic calcium signaling under combinant GluR6 receptors were also potentiated by such conditions of strengthened neurotransmission. It ‫-2ف‬fold after treatment with con A (Partin et al., 1993) , is therefore possible that GluR7 receptors act as highas were kainate receptor currents in dorsal root ganglia threshold filters for discrimination of the strength of ex-(DRG; Huettner, 1990) and trigeminal neurons (probably citatory synaptic input, with stronger signals resulting composed of GluR5 and KA-2; Sahara et al., 1997). In in significant calcium influx. the case of the GluR6 receptor, the 2-fold potentiation was suggested to arise in part from the combination of Experimental Procedures a slowed entry into the desensitized state after treatment Detection and Analysis of Splicing in the GluR7 Transcript with con A and poor resolution of the peak currents due
We screened GluR7 transcripts for novel RNA editing or splicing to limitations in the solution exchange. These problems events using the Mismatch Detect II Kit (Ambion, Austin, TX). Total are unlikely to explain the lack of a large con A potentia-RNA from rat brain was reverse transcribed with a primer specific tion of GluR7a, since the activation rate both before for the GluR7 gene using AMV reverse transcriptase (Promega, Mad-(10%-90% rise time of 1.4 ms) and after (1.6 ms) con A ison, WI). This was followed by two-step nested PCR reactions (35 cycles each) catalyzed by TAQ2000 polymerase (Stratagene, La treatment was 5-fold faster than the desensitization rate
